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Fermentation is a biotechnology process for converting carbohydratesinto alcohol or
organicacidsusingmicroorganisms- yeastsor bacteria- underalmostanaerobicconditions.
Fermentationusually implies the action of desirablemicroorganismsnaturally present or
addedin form of selectedstarters

Fermentation is an oxidative-reducingprocesswhere an organiccompoundacts both as
donorandacceptorof electronswithin a chainof reactions,whichpromotesthe synthesisof
ATPthroughthe mechanismof phosphorylationat the substratelevel.

Fermentation is a very ancient process,which is inspiring the new biotechnologies(e.g.,
precisionfermentation)
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Historicalbackground of fermentation

(Claessonet al., 2009. PLoSONE, 4:e6669) 
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More than 3500 milk-, cereals-, legumes-, vegetables-, the-, meat- and fish-basedfermentedproducts

V Thousandsof different typesof fermented foodsare consumedworldwide, constituting 30-70%of the
humandiet.

V Many of them are emblematicof gastronomicculture and diversity, and in Europethey account for
20-50%of the daily diet.

(Xiang et al., 2019. Food Science and Human Wellness https://doi.org/10.1016/j.fshw.2019.08.003) 

«there is fermentƛƴ ŎƻƴǎǳƳŜǊǎΩ diet»

Fermentedfoods aroundthe world: an issueof numbers

https://doi.org/10.1016/j.fshw.2019.08.003
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«Thereis ferment in kitchen»

S 6



Concept Paper

Aug. 13, 2021

ά¢ƘŜvastmajority camefrom somewhereelse,andweŘƻƴΩǘknowǿƘŜǊŜΣέsaidJustinSonnenburg, anauthor of the new
studyand a professorof microbiologyand immunologyat Stanford.άLthink there were either low levelmicrobesbelow
the level of detection that bloomed,or the fermented foods did somethingthat allowed for the rapid recruitment of
other microbesinto the gut environment.έ (Wastyket al., 2021. Cell 184:4137) 

Fermentedfoods 



Concept Paper

CǊƻƳ ŎƻǿΩǎ Ƴƛƭƪ ǘƻ ŎƘŜŜǎŜΥ the microbiome fil rouge

(Gobbetti et al., 2018. Trends in Food Science & Technology, 78:244)
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From wheat plant to sourdough: the microbiome fil rouge

(Gobbetti et al., 2019. Crit. ReviewsFood Sci Nutr. In press)
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Sourdough microbialdiversity
357 Research articles e.g.,

ÁMontemurro el al ., 2020

ÁBartkieneet al., 2017

ÁKorcari el al ., 2020

ÁStanzer el al ., 2017

Yeasts(80species)FormerLactobacillus(82species)

Bacteria(59genera)
49 generanon lacticacidbacteria

10 generalacticacidbacteria

Cereals (24)

Pseudo-cereals (8)

Legumes (10)

Diversity of fermented 
matrices

By-products (25)

Miscellaneous (20)
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Nutritional attributes of sourdough

Arora et al., 2021. Trends in Food Science & Technology108: 71-83

Word cloud representing the nutritional 

attributes focused during sourdough 

fermentation



Concept Paper

GlycemicIndex (GI) of sourdough vs.ōŀƪŜǊΩǎ ȅŜŀǎǘ ōǊŜŀŘǎ

Median GI

.ŀƪŜǊΩǎ ȅŜŀǎǘ ōǊŜŀŘ ό.¸.ύҐфпΦн

Sourdough bread (SDB)=65.1

GlycemicIndex (GI): A numericalvalue assignedto foods basedon their capability to increasethe blood
glucoselevelsafter consumption.

Curve for blood glucose levels vs.time 
(Harvard Medical School)

Foods GI value

High GI >70

Moderate GI 55-69

Low GI <54
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1).ŀƪŜǊΩǎyeastbread(BYB)(1.5 h,ōŀƪŜǊΩǎyeast1.5%)
2) Sourdoughbread(SB)(1.5 h,ōŀƪŜǊΩǎyeast1.5%+ 20%type I sourdoughpreviously
incubated4h)
3) Sourdoughbread(SBT)(4 h, 20%type I sourdoughpreviouslyincubated24h)

(more appetite for SB, highersatietyand fullness
perceptionsfor SBT)
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(Gobbetti et al., 1994. J. Food Sci. 59:881) 
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Digestibility ςIn vivo clinical challenge
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The Simulator of the Human Intestinal Microbial Ecosystem (SHIME)

Gastrointestinal tract SHIME
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(b) Contribution of each variable to component loadings
annotatedby the groupswith highadherenceto

a

High adherence 
to MD group 2

High adherence to MD group 1

Low adherence to 
MD

(a) Partial least square discriminant analysis (PLS-DA). 
Components 1 and 2 describe 77.87% and 0.05% of 
variance, respectively. 

b

Donor selection
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Experimentalsetup of the Twin-Simulator of
the HumanIntestinalMicrobialEcosystemwith
mucosalenvironments(TWINM-SHIME)

Å.ŀƪŜǊΩǎyeastbread (BYB)

Å Sourdoughbread (t-SB30)

Experimentaldesignof the in vitro experiment

Experimental setup
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Beforefeeding After feedingwith t-SB30

Relative abundance at phylum level

Å Microbial phyla were consistent with faecal materials
Å Similarities among colon tracts of both donors
Å Firmicutes and Bacteroidetes were the taxa with the 

highest relative abundances 
Å The phylum distribution only slightly varied after 14 

days of feeding with both breads
Å Variations depend on bread feeding regardless of the 

type of bread

S 17
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Å The genus core 
microbiota was 
investigated to search for
diversity

Å The composition only 
slightly changed after 
bread feeding

ÅWhen switching was 
observed, it was almost 
regardless of the type of 
bread and almost 
exclusivelyconcerned a 
re-raking within the core 
microbiota

D
o

n
o

r1
D

o
n

o
r2

Core microbiome

Detection Threshold (Relative Abundance (%))
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ÅMost of the individual FAA 
were at the highest levels 
in t-SB30

ÅMainly: Leu and Glu, 
followed by Ile, Val and Asp

a-bC!! ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ǎǳǇŜǊǎŎǊƛǇǘ ƭŜǘǘŜǊǎ ŘƛŦŦŜǊ ǎƛƎƴƛŬŎŀƴǘƭȅ όt ғ лΦлрύ ōŀǎŜŘ ƻƴ ƻƴŜ-way ANOVA 
(Tuckey-Kramer). The statistical analysis was performed separately for each amino acid

Concentration of free amino acids
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Ascending
colon

Transverse
colon

Descending
colon

ÅA significant (P < 0.05) 
increase of SCFA was evident 
after 14 days of feeding with 
t-SB30 breadcompared to 
BYB

ÅFollowing 1 week of wash 
out, the content SCFA 
trended to similar absolute 
values found before bread 
feeding

Short chain fatty acids
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a-bValuesin the same row 
with different superscript 

ƭŜǘǘŜǊǎ ŘƛŦŦŜǊ ǎƛƎƴƛŬŎŀƴǘƭȅ όp < 
0.05) based onone-way 

ANOVA (Tuckey-Kramer). The 
data are the means of three 

independent analysis ±

standard deviations (n =3).

Breadchemical, 
technological and 
nutritional 
characteristics

 BYB t-SB30 

pH 5.6 ± 0.1a 4.2 ± 0.1b 

Volume increase (%) 245 ± 5a 210 ± 4b 

Hardness (g) 3230 ± 22b 3494 ± 18a 

Resilience 0.85 ± 0.02a 0.69 ± 0.02b 

Fracturability (g) 3080 ± 5a 2168 ± 10b 

Black pixel area (%) 48.0 ± 1.8b 41.1 ± 1.3b 

In vitro protein digestibility (%) 64.2 ± 0.7b 82.6 ± 1.5a 

Total FAA (g/kg) 0.61 ± 0.06b 2.16± 0.06a 

Total peptides (g/kg) 4.4 ± 0.1b 9.3 ± 0.1a 

Protein score (%) 18.5 ± 0.3b 62.0 ± 0.5a 

Biological Value (BV) 36.5 ± 0.5b 68.4 ± 1.2a 

Predicted Glycemic Index (pGI) 95a 72b 

Resistant starch (%, d.m.) 1.1 ± 0.1b 2.5 ± 0.1a  

 

BYB vs t-SB30
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Sourdoughand its challenge
Is sourdough a supra-entity (e.g., fermentome) comprising not just the dominant species?

14.06.2022

V Investigation of the complex metabolic
interactionsamongdominant lacticacidbacteria
and yeastsand the subdominantones,and the
lessabundantsatellitemembers

Å Sourdough resistance, resilience (gene redundancy)
Å Longer stability
Å Promote widespread use at artisanal and industrial

levels

άC9wa9b¢ha9έ
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Methods

14.06.2022

Traditional sourdoughscollectionand omicsanalysis

8 Sourdoughsfrom different countries in 
the world

The International Sourdough Library 
(Puratos, St. Vith, Belgium)

SD44
France

SD43
USA

SD1
Italy

SD83 
Spain

SD69
Italy

SD93 
Spain

SD102
USA

SD104
USA

To investigate the subdominant culturable 
community of lactic acid bacteria, isolation 
was carried out by using 140 mm diameter 

plates and considering lowest dilutions.

Lowest dilutions
Ø= 140 mm 

Highest 
dilutions

Ø= 90 mm 

10-810-710-6

10-510-4

Sourdough Biobank: 1,661 isolates (1,488 bacteria and 173 yeasts)
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Taxonomic annotation by culturing-shotgun metagenomics-metatranscriptomics

14.06.2022

Core and dispensable species in the eight spontaneous sourdoughs

CORE

DOMINANT

CORE

SUBDOMINANT

DISPENSABLE

DOMINANT

DISPENSABLE

SUBDOMINANT

o Core: sharedby all the eightsourdoughs
o Dispensable: relative abundance > 0.1%,

detectablein oneor moresourdoughs
o Dominant and subdominant based on relative

abundance> or < than 5%, asnormalizedto total
metagenomecontent

S 24
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Deciphering the functional redundancy of sourdough genomes

Shotgun metagenomics

33

SD43

SD1

SD44

SD69 
(7)

SD88 
(3)SD93 

(102)

SD104 
(237)

SD102

2 1000

53

5

646
830

Metatranscriptomics

Gene abundances in each sample was mapped as a single set of reads (from each individual sample) against the total 

assembly obtained by pooling reads from all samples
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Metabolic pathways investigated in 8 traditional  sourdoughs

Χ ǿƛƭƭ Ŧƻƭƭƻǿ ƛƴ ŀ ŦǳǊǘƘŜǊ ǇǳōƭƛŎŀǘƛƻƴǎ

Carbohydrate, pyruvate and energy metabolism related pathways

× Starch, non-starch polysaccharides and sucrose pathways
× Pentosesand pyruvate metabolism

Nitrogen metabolism

× Peptide utilization encoding genes
× Catabolism of branched chain amino acids and aromatic amino acids (BCAA and ArAA)
× Catabolism of free amino acids (FAA)

Stress response
Vitamin and cofactor metabolism 
Fatty acid metabolism 
PTS transport 
Biosynthesis of secondary metabolites
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Reconstruction of main metabolic pathways - pentoses and pyruvate metabolism
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9, 12, or 9 species have expressed the 
same gene within one sourdough. High 

diversity leads to functional 
redundancy 

Phosphoglycerate kinase [EC:2.7.2.3]; Phosphoglycerate
mutase [EC:5.4.2.11]; Phosphopyruvate hydratase
[EC:4.2.1.11];

SD1
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Reconstruction of Synthetic Microbial Communities (SMCs)

Construction of SDG

Taxonomic, 
genomic potential and 

expression profiles from 
spontaneous sourdoughs

Selectionof speciesbasedon the
settingup of specificthresholds
1. Speciespresent at least in

50%of sourdoughs
2. Harbour and expressat least

20 key genes representative
for carbon and nitrogen
metabolisms

3. Specieshave been found by
culturomics

Methods 
Culturomics

Metagenomics

Metatranscriptomics

Construction of SMC-43 was 
based only on culturomics
results of SD43 traditional 

sourdough

VS

SDG SMC-S43

Speciesfrom
Sourdough 104
were selected

SDG ςSynthetic
Microbial community

1 core and 1 dispensable yeast
2 core dominants LAB
2 sub-dominants LAB
1 satellite member

VS

SDG SMC-S43
Thirteen species 
out of 49 
dominant and 
subdominant lactic 
acid bacteria and 
yeasts met these 
criteria. 
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Final species composition of SMCs
VS

SDG SMC-S43

The cell densities of all species corresponded to those found in traditional sourdoughs as estimated by culturomics
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Investigation of resilience, stability and performance in sourdough-like environment (WFH) 

and in situ

7 depleted SMCsat 
exponential (T1) and 

stationary (T2) growth phases 
in sourdough-like 

environment simulation 
(WFH) (12 h at 30ÁC)

2 SMCs at exponential (T1) and 
stationary (T2) phases in 

sourdough-like environment 
simulation (WFH) and in situ

Assessment of transcriptomics 
profiles by depleting one 
species at a time from the 

consortium

Shared and unique 
species contribution

Metabolic reconstruction of 
active pathways - simulation 

in WFH

Shared and unique species 
contributions - simulation 

in WFH

Methods:  3Species interaction within SMC ςONLY SDG

Persistence RAPD-PCR profiling

Day 0 Day 1 Day 10 Day 30

30 days of daily back slopping in situ 

Volatilome in situ

VS

SDG SMC-S43

A)

B)

Methods 
Metatranscriptomics

Methods Culturomics, Metatranscriptomics, Metabolomics
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Transcription level (KEGG function number) of SDG species  

Core dominant

Core subdominant (SMC-SDG1 without Pichiakudriavzevii; SMC-SDG2 without Saccharomycescerevisiae,
SMC-SDG3 without Staphylococcusepidermidis, SMC-SDG4 without Pediococcus
pentosaceus, SMC-SDG5 without Furfurilactobacillus rossiae, SMC-SDG6 without
LimosilactobacillusfermentumandSMC-SDG7 without Lactiplantibacillusplantarum)
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The irreplaceability of sub-dominants members in sourdough functionality

V Fur. rossiae showed the capability to ferment dextrin/isomaltose and
maltosethrough oligo-1,6-glucosidase(EC:3.2.1.10) and alpha-glucosidase
(EC:3.2.1.20). -̡D-Glucosidase(EC:3.2.1.21) genetranscriptswere uniqueto
Fur. rossiae.

V Arabinoxylanmetabolismleadingto D-xyloseandarabinosewasexclusively
found in Fur. rossiae.

Sub-dominants: Furfurilactobacillusrossiae; Pediococcus pentosaceus

V Ped. pentosaceusshowed the unique capability to use
alternativeenergysourcessuchastrehaloseand cellobiose
via6-phospho-beta-glucosidase(EC:3.2.1.86) andtrehalose-
6-phosphatehydrolase(EC:3.2.1.93).


